Staphylococcus aureus is a Gram-positive bacterium that can cause both superficial and deep-seated infections. Histones released by neutrophils kill bacteria by binding to the bacterial cell surface and causing membrane damage. We postulated that cell wall-anchored proteins protect S. aureus from the bactericidal effects of histones by binding to and sequestering histones away from the cell envelope. Here, we focused on S. aureus strain LAC and by using an array of biochemical assays, including surface plasmon resonance and ELISA, discovered that fibronectin-binding protein B (FnBPB) is the main histone receptor. FnBPB bound all types of histones, but histone H3 displayed the highest affinity and bactericidal activity and was therefore investigated further. H3 bound specifically to the A domain of recombinant FnBPB with a K D of 86 nM, ϳ20-fold lower than that for fibrinogen. Binding apparently occurred by the same mechanism by which FnBPB binds to fibrinogen, because FnBPB variants defective in fibrinogen binding also did not bind H3. An FnBPB-deletion mutant of S. aureus LAC bound less H3 and was more susceptible to its bactericidal activity and to neutrophil extracellular traps, whereas an FnBPBoverexpressing mutant bound more H3 and was more resistant than the WT. FnBPB bound simultaneously to H3 and plasminogen, which after activation by tissue plasminogen activator cleaved the bound histone. We conclude that FnBPB provides a dual immune-evasion function that captures histones and prevents them from reaching the bacterial membrane and simultaneously binds plasminogen, thereby promoting its conversion to plasmin to destroy the bound histone.
Staphylococcus aureus is a leading cause of diverse infections ranging from mild skin diseases such as impetigo, cellulitis, and skin abscesses to serious invasive diseases, including sepsis, endocarditis, osteomyelitis, toxic shock syndrome, and necro-tizing pneumoniae (1, 2) . Strains that are resistant to multiple antibiotics are a major problem in healthcare settings in developed countries (3) . These are referred to as hospital-associated methicillin-resistant S. aureus (MRSA) 3 and occur in individuals with pre-disposing risk factors, such as surgical wounds and indwelling medical devices (4, 5) . Recently, there has been a dramatic increase in the incidence of community-associated MRSA infections that occur in otherwise healthy individuals (6, 7) . Community-associated MRSA strains, exemplified by the USA300 clone (8) , express a low level of resistance to ␤-lactam antibiotics and cause serious skin and soft tissue infections (9 -11) .
S. aureus expresses a plethora of virulence factors, including both secreted and cell wall-anchored (CWA) proteins. The latter mediate adherence to the extracellular matrix, promote invasion of and survival within host cells, neutralize phagocytes, and modulate the immune response (12) . CWA proteins are covalently anchored to peptidoglycan via a conserved C-terminal sorting signal mediated by the membrane-associated sortase A (13) . Fibronectin-binding proteins FnBPA and FnBPB are CWA proteins belonging to the microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) family. The N-terminal A domain of FnBPs comprises three separately folded subdomains N1, N2, and N3 (14, 15) . The minimum ligand-binding region of the A domain (N2-N3) comprises two IgG-like folded subdomains that bind fibrinogen (FBG) by the dock, lock, and latch mechanism (DLL) (15, 16) in a similar fashion to clumping factor A (ClfA) (17) . Between the N2 and N3 subdomains lies a wide hydrophobic trench that accommodates the ligand, in the case of ClfA, FnBPA, and FnBPB the extreme C terminus of the ␥-chain of FBG. According to this mechanism, the ligand first docks into the trench, and this is followed by a conformational change and redirection of the disordered C-terminal extension of the N3 subdomain resulting in its folding over the bound ligand to lock it in place. In the final latching step, the complex is stabilized by inserting the "latch" region in the N3 extension into the N2 subdomain through a ␤-strand complementation (18, 19) . The N2-N3 subdomains of both FnBPA and FnBPB each comprise seven distinct isoforms (14, 20) , also bind elastin (21) and plasminogen (PLG) (22) , and promote biofilm formation by homophilic interactions (23) . The C terminus of FnBPs comprises 10/11 tandemly repeated fibronectin-binding domains that bind type I modules of fibronectin by the tandem ␤-zipper mechanism (24, 25) .
In eukaryotes, DNA is wrapped around a core complex of the histones H2A, H2B, H3, and H4 to form the nucleosome. Histones are the most abundant proteins in neutrophil extracellular traps (NETs), which are released by neutrophils as part of the innate defenses against infecting bacteria (26) . In addition to histones, NETs contain nuclear DNA and proteases (e.g. elastase). Histones are also released into the bloodstream during severe sepsis (27) . The potent antimicrobial activity of histones is due to characteristics akin to cationic antimicrobial peptides such as cathelicidins. Besides NETs, other myeloid cell lineages such as basophils (28) , eosinophils (29) , and macrophages (30) can deploy histones within DNA-based extracellular traps. In addition, histones can induce production of chemokines and elicit leukocyte recruitment (31) .
Histones are classified as lysine-rich (H1, H2A, and H2B) and arginine-rich (H3 and H4) (32) . H2A, H3, and H4 have been shown to have anti-staphylococcal activity (33) , but the mechanistic basis differs. H3 and H4 cause membrane damage with blebbing and pore formation, whereas H2B disrupts the integrity of the cell without obvious morphological changes (33) .
In Gram-positive (34, 35) and Gram-negative (36) bacteria, surface components can bind histones and provide protection from bactericidal effects. Lipoteichoic acid (37) , the cell wallanchored M1 protein (35) , and the secreted protein SIC of Streptococcus pyogenes (38) bind to and promote resistance to histones. In the Gram-negative Klebsiella pneumoniae and Shigella flexneri, the polysaccharide O-antigen of lipopolysaccharide in the outer membrane can contribute to resistance to histones (36) .
In this study, we have investigated the molecular basis of resistance to histones in S. aureus and found that FnBPB is the major surface component responsible. We studied the mechanism of histone binding by FnBPB and identified the most potent anti-staphylococcal histone as H3.
Results

Cell wall-anchored proteins bind histones
S. aureus is known to bind to histones, but the bacterial components responsible have not been characterized. To determine whether CWA proteins contribute to histone binding, the USA 300 strain LAC (8) and a sortase A-deficient mutant (srtA) (39) lacking CWA proteins were tested for their ability to adhere to a surface-coated with pooled calf thymus histones (CTH). WT LAC adhered about three times more strongly than the srtA mutant, which suggests that one or more CWA proteins are dominant histone binders ( Fig. 1 ). The residual binding by the srtA mutant could be due to other surface components such as lipoteichoic acid (33, 37) .
Recombinant FnBPB binds histones
Purified recombinant ligand-binding domains of several CWA proteins were tested for binding to immobilized CTH in an ELISA-type assay. In particular, subdomains N2-N3 of isoform I of FnBPB, comprising residues 163-480 (FnBPB(163-480)), bound strongly to the histone mixture, whereas the N-terminal ligand-binding domains of isoform I of FnBPA, clumping factors A and B, the collagen-binding protein CNA, and also Bbp and Pls, did not bind detectably ( Fig. 2A) . Control experiments showed that the anti-His tag antibody used in these ELISA experiments recognize all recombinant proteins similarly.
The specificity of FnBPB binding to histones was confirmed by performing dose-response binding assays with immobilized CTH. FnBPB(163-480) bound dose-dependently and saturably, whereas no binding of FnBPA(194 -511) was observed ( Fig. 2B ).
The ability of recombinant FnBPB(163-480) to bind to individual histones was next measured by ELISA and far-Western blotting. FnBPB(163-480) bound H1 and H3 the strongest (Fig.  3, A and B) . It was decided to focus on binding to H3 rather than H1 because the former exhibited stronger anti-bacterial activity (see below).
The A domain of FnBPB binds to FBG by the dock, lock, and latch (DLL) mechanism (16) . To investigate whether DLL is involved in histone binding, variants of the recombinant A domain lacking the ability to bind FBG were tested for histone binding. A truncate lacking the 17 residues involved in the locking and latching steps of DLL(464 -480) and a mutant with substitutions of Asn-312 and Phe-314 located in the peptide binding trench, neither of which bound FBG, were also defective in binding to histone H3. Furthermore, neither single recombinant subdomains N2(163-308) nor N3(309 -480) bound FBG or histone H3 (Fig. 3C ). These data suggest that histones could bind FnBPB by the DLL mechanism. Microtiter wells coated with CTH were incubated with S. aureus USA 300 LAC cells. After washing with PBS, adherent cells were fixed and stained with crystal violet, and the absorbance at 595 nm was measured using an ELISA plate reader. Means and S.D. of the results of two independent experiments, each performed in triplicate, are indicated. A statistically significant difference is indicated (Student's t test; *, p Ͻ 0.05).
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Analysis of complex formation between FnBPB(163-480) and H3 by gel-filtration chromatography
To determine whether FnBPB(163-480) forms a complex with H3 in solution, equimolar amounts of the two proteins were mixed and subjected to gel-filtration chromatography (Fig. 4 ). The two proteins alone eluted with distribution constants (K av ) corresponding to their molecular masses, i.e. ϳ15 kDa for H3 and 35 kDa for FnBPB(163-480) ( Fig. 4, inset) , whereas co-incubation of the two proteins yielded a fast running peak of ϳ50 kDa, in agreement with the predicted molec-ular mass of FnBPB(163-480)/H3 complex. In contrast, the nonhistone-binding trench mutant failed to form the 50-kDa complex. This shows that FnBPB(163-480) can form a stable complex with H3 in solution and that residues in the FBGbinding trench are crucially important.
Measurement of the affinity and ionic strength-dependence of H3-FnBPB(163-480) interaction
Surface plasmon resonance-The affinity of FnBPB for human H3 was measured by surface plasmon resonance. Recombinant A, microtiter wells coated with CTH were incubated with purified recombinant A domains of the indicated CWA proteins of S. aureus. Bound proteins were detected with mouse anti-hexahistidine mAb 7E8 followed by HRP-conjugated rabbit anti-mouse IgG. B, microtiter wells coated with CTH were incubated with increasing concentrations of purified recombinant N2N3 domains of FnBPA (FnBPA(194 -511)) or FnBPB (FnBPB(163-480)). Bound proteins were detected as described above. The data points are the means (ϮS.D.) of two independent experiments, each performed in triplicate.
Figure 3. FnBPB(163-480) binding to different histone subtypes.
A, microtiter wells coated with different histone subtypes were incubated with increasing concentrations of recombinant FnBPB(163-480) domain. Bound protein was detected with rabbit FnBPB(163-480) polyclonal antibody followed by HRPconjugated goat anti-rabbit IgG. Means and S.D. of results of two independent experiments, each performed in triplicate, are presented. B, different histone subtypes were subjected to SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was probed with FnBPB(163-480) followed by a rabbit anti-FnBPB(163-480) polyclonal IgG and HRP-conjugated goat anti-rabbit IgG. C, microtiter wells coated with histone H3 were incubated with increasing concentrations of recombinant variants of FnBPB A domain. Bound proteins were detected with mouse anti-hexahistidine mAb 7E8 followed by HRPconjugated rabbit anti-mouse IgG. The data points are the means (ϮS.D.) of two independent experiments, each performed in triplicate.
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FnBPB(163-480) was passed over human H3 immobilized on the surface of a dextran chip in concentrations ranging from 3.9 to 500 nM. The equilibrium dissociation constant, K D , for the interaction was estimated as 86.0 Ϯ 12.5 nM, an affinity that is ϳ20-fold higher than that reported for the interaction between FnBPB and FBG ( Fig. 5A) (20) . No signal was detected when the FnBPB(163-480) trench mutant was analyzed ( Fig. 5B ). These data show that FnBPB(163-480) has a high affinity for H3 in solution and that the interaction most likely occurs by the DLL mechanism.
Nature of the interaction between FnBPB(163-480) and H3-The FnBPB(163-480) protein has a hypothetical pI of 5.62 indicating that the protein is anionic at physiological pH, whereas H3 is highly positive (pI 12.5). To further investigate the nature of interaction of H3 with FnBPB(163-480), surface-coated H3 was incubated with FnBPB(163-480) in the presence of increasing amounts of NaCl. At a NaCl concentration of 500 mM, binding of FnBPB(163-480) was reduced by more than 80%. No FnBPB(163-480) binding was observed at higher NaCl concentrations, suggesting that hydrophobic forces are not involved in the interaction and that FnBPB(163-480) binding to H3 is an ionic strength-dependent process ( Fig. 5C ).
Interaction of H3 with FnBPB isoforms
There are seven isoforms of FnBPB with amino acid sequence identities ranging from 61 to 85% (20) . Each of the isoforms bind FBG, fibronectin, elastin, and PLG. To determine whether all isoforms bind H3, increasing concentrations of the recombinant N2-N3 subdomains were tested for their ability to bind surface-coated H3 in an ELISA-type assay ( Fig. 6 ). Isoforms II, III, and VI bound similarly to isoform I with dissociation constants in the range of 50 -185 nM, whereas the isoforms IV, V, and VII showed a lower binding affinity, with apparent K D values ranging from 270 to 830 nM ( Fig. 6A , inset).
FnBPB promotes binding of S. aureus to H3
To investigate whether FnBPB expressed on the surface of S. aureus mediates binding to H3, WT S. aureus LAC, a deletion mutant lacking the fnbA and fnbB genes (40) , and the mutant expressing isoform I FnBPA or FnBPB from a multicopy plasmid (40) were tested for their ability to adhere to immobilized H3 and to capture soluble H3 onto the cell surface. The ⌬fnbAfnbB mutant lacked the ability to adhere to immobilized H3, compared with the parental strain. In contrast, the mutant expressing FnBPB adhered more strongly than the WT strain, whereas the mutant expressing FnBPA did not adhere ( Fig. 7A ).
Bacteria were incubated with soluble H3 and washed, and the bound H3 was eluted by incubating with extraction buffer containing SDS. Released H3 was detected by SDS-PAGE/Western immunoblotting and measured by ELISA. In both experiments, WT S. aureus LAC captured H3, whereas the ⌬fnbAfnbB mutant did not bind H3 detectably. In contrast, the mutant expressing FnBPB captured ϳ40% more H3 than the WT, most likely due to overexpression of FnBPB from the multicopy plasmid ( Fig. 7 , B and C). These data are consistent with results obtained above with recombinant proteins and show that FnBPB is the major surface protein involved in binding H3.
Histone bactericidal activity and resistance to killing promoted by FnBPB
It has been widely reported that soluble histones kill many species of Gram-negative and Gram-positive bacteria and that 
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they are often more potent than cationic antimicrobial defensin peptides. The minimum bactericidal concentration (MBC) required to kill Ͼ99.9% of a standard suspension of S. aureus cells was measured and used to compare the potency of different histones toward WT S. aureus LAC. Histones H3 and H4 had significantly lower MBC values compared with H1, H2A, and H2B indicating that they have more potent bactericidal activity (Fig. 8A ).
The MBC of histone H3 toward the variants of S. aureus LAC described above were measured. The MBC of H3 for the ⌬fnbAfnbB mutant was ϳ3-fold lower than the WT LAC, whereas the mutant overexpressing FnBPB from a multicopy plasmid had an ϳ7-fold higher MBC than the mutant, which is consistent with the overexpressed FnBPB protein providing enhanced protection from the bactericidal activity of H3 (Fig.  8B ). The MBC of H3 measured for the clfA mutant was similar to that for WT LAC, indicating that a mutation in a gene encoding a CWA protein other than fnbB does not affect the killing activity of H3 ( Fig. 8B ). Consistent with a significantly reduced binding to histones ( Fig. 1 ), the srtA mutant showed a high susceptibility to H3 killing, as indicated by an ϳ4-fold lower MBC value than the WT LAC ( Fig. 8B ). To further demonstrate the specificity of H3 binding to FnBPB, we also measured the MBC values of histone H4 for the LAC WT, the ⌬fnbAfnbB mutant, the mutant overexpressing FnBPA or FnBPB, the srtA mutant, and the clfA mutant. As shown in Fig. 8C , the MBC values of H4 for the WT and the fnb mutants and complemented strains were very similar. In contrast, the MBC of H4 for srtA mutant was 4-fold lower than WT, indicating a higher susceptibility of the mutant to H4.
Soluble recombinant FnBPB(163-480) was added to a suspension of LAC ⌬fnbAfnbB mutant cells to determine whether the protein protected susceptible bacteria from the bactericidal activity of H3. WT FnBPB(163-480) promoted survival of the mutant, whereas proteins defective in the ability to bind FBG and H3 failed to offer any protection. These data are consistent with FnBPB binding to soluble H3 and neutralizing its bactericidal activity ( Fig. 9A ).
S. pyogenes, also known as group A Streptococcus, is a Grampositive bacterium for which the bactericidal action of histones has been previously demonstrated (34, 35) . Thus, we asked whether soluble FnBPB(163-480) could competitively neutralize the bactericidal activity of H3 for this bacterium. The MBC value of H3 for the S. pyogenes serotype M1 strain 71-695 was ϳ75 g/ml, and exogenous addition of 5 M FnBPB(163-480) to the MBC assay resulted in a 2-fold increase in resistance to the killing activity of H3. In a similar experimental approach, the MBC for S. aureus LAC was ϳ6 g/ml, and a 3-fold increase of MBC was produced when S. aureus WT LAC was incubated with H3 in the presence of 1 M FnBPB(163-480) ( Fig. 9B ). Together, these data demonstrate that in both bacterial species soluble FnBPB(163-480) can confer resistance to H3-mediated killing.
To determine whether FnBPBs expressed by different strains of S. aureus also protected bacteria from the bactericidal effects of histones, the MBCs of H3 toward strains BH1CC (4), 8325-4 (42), and SH1000 (43) that express isoform I FnBPB and P1 (44) that expresses isoform IV FnBPB were very similar, although mutants lacking FnBPs (4, 21, 22, 45) were ϳ3-fold more susceptible. This shows that both isoform I and isoform IV of FnBPB protect different strains of S. aureus to a similar degree despite isoform IV binding H3 less strongly than isoform I in vitro (Fig. 9C ). 
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To determine whether histones released when neutrophils undergo NETosis exert bactericidal activity toward S. aureus, human neutrophils were stimulated to release NETs using a protein kinase C agonist and then incubated with the S. aureus LAC variants described previously. The ⌬fnbAfnbB mutant survived less well than WT LAC, whereas the mutant overexpressing FnBPB survived much better than the mutant or indeed the WT. Strains expressing FnBPA were not protected ( Fig. 10A ). Treatment of the NETs with protease-free DNase allowed the ⌬fnbAfnbB mutant and the mutant expressing FnBPA to survive to the same degree as WT LAC and the FnBPB-overexpressing strain (Fig. 10B ). This indicates that bacteria must be entrapped within the DNA of the NETs for maximum bactericidal activity. Degradation of the NETs is likely to cause bactericidal proteins to be dissipated and diluted. Incubation of the NET with anti-histone antibody also restored survival of the ⌬fnbAfnbB mutant and the mutant expressing FnBPA to the same level as WT and the mutant expressing FnBPB, which suggests that histones are the major bactericidal factors acting against S. aureus in NETs (Fig. 10C ).
Activated plasminogen captured by FnBPB cleaves H3 and enhances bacterial survival
We previously showed that FnBPs expressed on the surface of S. aureus can capture PLG, which can be activated by PLG activators to cleave FBG (22) . Hence, we investigated whether recombinant FnBPB could simultaneously bind PLG and histone H3. FnBPB(163-480) was immobilized in microtiter plate wells and tested for binding of histone H3 in the presence of saturating amounts of PLG in an ELISA-type assay. The level of bound PLG remained the same (as detected with a specific antibody) in increasing concentrations of H3 ( Fig. 11A) . A similar result was obtained when increasing concentrations of PLG were added in the presence of a saturating concentration of H3 ( Fig. 11B ). Together, these data indicate that PLG and H3 bind to distinct sites on FnBPB consistent with H3 binding by the DLL mechanism. A, microtiter wells coated with histone H3 were incubated with cells of the indicated bacteria. Wells were washed with PBS, fixed with formaldehyde, and stained with crystal violet, and the absorbance at 595 nm was measured in an ELISA plate reader. Means and S.D. of results of two independent experiments, each performed in triplicate, are presented. Statistically significant differences is indicated (Student's t test; *, p Ͻ 0.05). B, S. aureus strain USA 300 LAC, the double mutant ⌬fnbAfnbB, or the mutant overexpressing FnBPB or FnBPA was incubated with histone H3. After several washings, proteins bound to the cell surface were released by extraction buffer, separated by SDS-PAGE under nonreducing conditions, and transferred to a nitrocellulose membrane. The membrane was sequentially probed with rabbit anti-histone IgG and HRP-conjugated goat anti-rabbit IgG. The figure is representative of two independent experiments. C, densitometric analysis of histone H3 binding to S. aureus LAC and its mutants as reported in B. The band intensity was quantified relative to a sample of pure histone H3 (5 g, 100 intensity). The reported data are the mean values Ϯ S.D. from two independent experiments. Statistically significant differences are indicated (Student's t test; *, p Ͻ 0.05).
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To determine whether bacteria-bound PLG can be activated by tissue plasminogen activator (t-PA) and can cleave H3, S. aureus LAC ⌬fnbAfnbB cells expressing high levels of FnBPB from a multicopy plasmid were immobilized and incubated with PLG. After washing, both H3 and t-PA were added and incubated for different times. SDS-PAGE analysis revealed that H3 was rapidly degraded, whereas no cleavage of H3 was seen in controls incubated with PLG or t-PA alone. Interestingly, as reported previously (22), PLG bound to ⌬fnbAfnbB mutant cells, and when activated to plasmin, it degraded H3 (Fig. 12A) . In any case, it remains to be established whether activated PLG preferentially degrades bacteria-bound H3 rather than free H3 (or both).
In support of specific plasmin generation on the surface of bacterial cells, the serine protease inhibitor aprotinin was found to inhibit H3 degradation. In contrast, complete cleavage of H3 was observed when the incubation was carried out in the presence of the cysteine protease inhibitor N-ethylmaleimide (NEM) (Fig. 12B) . To investigate the possibility that activated PLG also degraded surface-expressed FnBPB, immobilized cells of S. aureus LAC ⌬fnbAfnbB expressing (p-FnBPB) were incubated with PLG, and the complex was activated with t-PA. No signal was detected when the supernatant obtained from the incubation mixture was analyzed for the presence of FnBPB digestion products by Western immunoblotting, suggesting that FnBPB is not cleaved by bacteria-bound PLG (data not shown).
Next, the ability of activated PLG to protect S. aureus from the bactericidal activity of histone H3 was investigated. S. aureus LAC ⌬fnbAfnbB cells expressing high levels of FnBPB from a multicopy plasmid were incubated with PLG and t-PA, and the MBC of H3 was found to be ϳ50 g/ml. For bacteria incubated with PLG without t-PA, the MBC was ϳ2-fold lower. An almost identical MBC value was obtained even in the presence of equimolar concentrations of FBG, suggesting that H3 preferentially binds to FnBPB and cleaved by PLG (Fig. 12C ).
Discussion
Histones are constituents of the nucleosome in the nucleus of mammalian cells where they act to compact DNA and regulate gene expression. However, it is becoming apparent that histones also occur outside the nucleus, for example in granules of phagocytic cells or mucosal surfaces, including the human stomach, and are released into the bloodstream at elevated levels during sepsis. Histones are also secreted by sebocytes of the sebaceous gland in the skin and are thought to have antimicrobial activity against commensals living in the skin such S. aureus (46) .
Several reports indicate that S. aureus can bind histones, but virtually nothing is known about the factors involved or the 
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mechanism of bactericidal action (33) . This study began by showing that a sortase mutant bound a lower level of histones than the WT, and we were able to show that a single CWA protein, FnBPB, was responsible for this interaction. The N2-N3 region of FnBPB bound specifically to CTH in vitro, although the most closely related surface proteins, such as FnBPA and ClfA, did not. When FnBPB binding to individual histones was tested, it was found that all types could bind but that H3 displayed the highest binding and bactericidal activity. We found that H3 binds to the N2N3 region of FnBPB, most likely by the dock, lock, and latch mechanism used to bind FBG (Fig. 13) , because variants lacking the ability to bind FBG were also defective in H3 binding. To prove that the DLL mechanism is involved in the binding of FnBPB to H3, co-crystallization of FnBPB(163-480) in complex with H3 could be carried out. Notably, FnBPB has a 20-fold higher affinity for H3 than FBG suggesting that in plasma or other environments where FBG is present, FnBPB would bind H3 preferentially. Furthermore, increasing ionic strength had a dramatic effect on FnBPB binding to H3, indi-cating that H3/FnBPB complex formation is mainly driven by electrostatic interactions.
The specificity of the interaction between FnBPB(163-480) and H3 was demonstrated by capture ELISA, gel filtration, and surface plasmon resonance, which together indicate that the proteins form a complex even in the fluid phase. The almost identical susceptibility of S. aureus LAC and its fnbB mutants to the treatment with H4 suggests a specific role of FnBPB in the protection of bacteria by H3. The data obtained with srtA mutant also showed that H4 interacts with a bacterial surface component other than FnBPB and exhibits a toxicity for staphylococcal cells at a level equivalent to H3. This effect is consistent with the finding that histone H4 is an important component of the antimicrobial action of human sebocytes against S. aureus (46) .
Seven different isoforms of FnBPB can bind to H3, but some have a higher affinity than others. This paper focused on S. aureus strain LAC, which expresses isoform I FnBPB. This isoform binds H3 strongly in vitro (K D of 50 nM). It is noteworthy that strain P1 that expresses the apparently weaker binding FnBPB isoform IV (apparent K D of 636.7 nM as estimated from ELISA) is protected to the same extent as LAC from the bactericidal activity. With respect with this point, it would be interesting to compare mutants of strains expressing other isoforms.
FnBPB can also bind to PLG at a site that does not overlap that of FBG. Indeed, FnBPB can bind both ligands independently (22) . In a similar fashion, FnBPB can bind PLG to the same extent in the presence of H3 as in its absence. Indeed, bound PLG could be activated to plasmin by t-PA and rapidly degraded H3.
Previously, we showed that the double ⌬fnbAfnbB mutant of S. aureus LAC still binds to PLG, which indicates that additional surface components can bind PLG (22) . Consistent with this, we found that PLG captured by the ⌬fnbAfnbB mutant efficiently digests H3 proving that, whatever the staphylococcal receptor, PLG retains its proteolytic potential. Importantly, cleavage of H3 by PLG was not affected by the presence of FBG, suggesting that even in closer physiological conditions H3 is degraded by PLG.
Summing up, we propose that FnBPB contributes to protection of S. aureus (i) by capturing/scavenging histones and preventing them from reaching the membrane and (ii) by promoting their degradation by binding PLG, which is activated by exogenously or endogenously expressed PLG activators (Fig.  13 ). It is unknown whether these mechanisms are operational in vivo. Thus, definition of the role of FnBPB and PLG as inhibitors of the bactericidal activity of H3 in animal models may be worth exploring.
In a study by Nitzsche et al. (34) , S. pyogenes serotype M49 has been shown to protect itself from histone-killing through PLG acquisition and activation by streptokinase. However, the question was not addressed whether the M49 protein is directly involved in PLG and/or histone binding (34) . Along this line, Finegoldia magna, a Gram-positive commensal of the skin and mucous membranes, binds histones extracted from human skin through the surface protein FAF (F. magna adhesion factor), and histones were found to be degraded by SufA (subtilase of F. magna), a subtilisin-like extracellular serine protease of Figure 11 . Binding of FnBPB to H3 in the presence of PLG. A, recombinant FnBPB(163-480) was immobilized on the surface of microtiter wells. Saturating concentrations of PLG were added along with increasing concentrations of H3. Bound PLG was detected with rabbit anti-PLG IgG followed by HRPconjugated goat anti-rabbit IgG (solid squares). In the same panel, binding of increasing amounts of H3 to the wells is also reported (open circles). Bound H3 was detected with rabbit anti-histone antibodies followed by HRP-conjugated goat anti-rabbit IgG. B, ELISA-type assay with rFnBPB immobilized on the surface of microtiter wells. Saturating concentrations of H3 were added along with increasing amounts of PLG. Bound H3 was detected with rabbit anti-histones IgG followed by HRP-conjugated goat anti-rabbit IgG (solid squares). The panel shows binding of increasing amounts of PLG to the wells (open circles). Bound proteins were detected with specific antibodies as in A. The data points reported in the panels are the means ϮS.D. of three independent experiments each performed in triplicate.
F. magna (47) . Thus, different bacterial species, including S. aureus, may use similar strategies to neutralize the antibacterial activity of histones.
It is clear that FnBPB is the major histone-binding cell wall-anchored surface protein expressed by S. aureus LAC under the in vitro growth conditions employed here. By using genetically manipulated strains, FnBPB expression was shown to be responsible for binding H3 and protecting S. aureus from the bactericidal effects of H3 or the total histones released by neutrophils when NETs were formed. Effects were severely reduced in the ⌬fnbAfnbB mutant and, importantly, were enhanced to a greater extent than in the WT strain when FnBPB was expressed at enhanced levels from a multicopy plasmid. Loss of FnBPB reduced the bactericidal effect of H3 toward several other S. aureus strains. It could be argued that protecting S. aureus cells from traps extruded from the myeloid cell is the most important function of the A region of FnBPB given the high affinity of FnBPB for histones.
The WT LAC is efficiently killed by a relatively low dose of H3 (MBC: 5 g/ml). Additionally, as reported previously, histones are expressed and extruded in NETs in abundant amounts, estimated at 2.5 g/10 6 neutrophils, such that his- 1 to 4) involving FnBPB expressed on the surface of S. aureus. At first, in preference to fibrinogen, H3 binds to the trench between the N2 and N3 subdomains of FnBPB, and once in place it induces a conformational change that enables C-terminal residues of the N3 extension (red arrow) to be inserted into the trench and to stabilize the complex (dock, lock, and latch mechanism). Then, plasminogen (PLG)(open semicircle) binds to a site on N3 subdomain and once activated by t-PA to plasmin (PLM) (solid semicircle) cleaves FnBPB-bound H3.
tones comprise more than two-thirds of the protein content within the NET structure (48) . This information raises the question whether inhibition by FnBPB of histone-mediated bacterial killing is biologically significant. Notably, data reported here show that FnBPB protects staphylococci from killing by NETs, demonstrating that FnBPB-mediated resistance is important when H3 is present in a biologically relevant milieu. It is possible that other factors present in the NETs could down-regulate the bactericidal activity of histones. Among these, entrapment of histones by DNA might contribute to the reduction of bioavailability of histones in NETs and facilitate the histone-scavenging activity of FnBPB. Consideration should be also given to the fact that H3 is a fractional component (20%) of the total amount of histones in the NETs (48) , and this could enhance the efficacy of the neutralizing activity of FnBPB.
Recently, it has been demonstrated that S. aureus extracellular protein Eap shows a neutrophil serine protease inhibitor activity in association with NET functions (49) and binds and aggregates DNA, thus blocking neutrophil extracellular trap formation (50) . With this study, FnBPB is added to the list of potential factors that inhibit this important mechanism of host innate defense.
Other bacterial species block the killing activity of NETs through the neutralization of histones. For example, Dörhmann et al. (35) have shown the antimicrobial activity of histones against group A streptococci belonging to different serotypes. In particular, the surface-expressed M1 protein, a classical virulence factor of this pathogen, was required to bind and inactivate extracellular histones in NETs, deploying an FnBPB-like evasion strategy (35) . Interestingly, soluble FnBPB(163-480) neutralized the ability of H3 to interact with and subsequently kill S. aureus as well as S. pyogenes. Hence, one can envisage the development of therapeutic derivatives of this protein.
In conclusion, we have shown that FnBPB is the dominant binding protein for capturing histone H3 by S. aureus and conferring resistance to the bacterium against the antimicrobial activity of histones. We have also investigated the molecular details of the histones binding to such an important virulence factor.
Experimental procedures
Bacterial strains and culture conditions
All strains are listed in Table 1 . S. aureus was grown in Brain Heart Infusion broth (VWR International Srl, Milan, Italy) to mid-exponential phase (OD ϭ 0.4) at 37°C with shaking. The S. pyogenes serotype M1 strain 71-675 was received from Professor Bernd Kreikemeyer (Rostock, Germany). Bacteria were cultured in Todd-Hewitt broth supplemented with yeast extract at 37°C with shaking.
In those experiments, where a defined number of cells were used, bacteria were harvested from the cultures by centrifugation, washed, suspended in PBS, and counted in a Petroff-Hausser chamber. Escherichia coli TOPP3 transformed with vector pQE30 (Stratagene, La Jolla, CA) or derivatives was grown in Luria agar and Luria broth (VWR International Srl, Milan, Italy) containing 100 g/ml ampicillin. S. aureus LAC srtA was constructed by the transduction of srtA::Erm r from Newman srtA (39) using bacteriophage 85. S. aureus LAC clfA was constructed by the transduction of clfA::Erm r from Newman clfA using bacteriophage 85 (51) .
DNA manipulation
DNA manipulation was performed as previously reported (22) .
Expression and purification of recombinant proteins
Recombinant proteins FnBPB(163-308), FnBPB(309 -480), and FnBPB(163-463) latch-truncated were expressed from pQE30 (Qiagen, Chatsworth, CA) in E. coli TOPP3 (Stratagene), as reported previously (22) .
Recombinant FnBPB isotypes (20) , FnBPB(163-480) N312A/F314A trench mutant (16) , FnBPA(194 -511) (15) , CNA(31-344) (52), ClfA(221-559) (53) , ClfB(201-542) (54), Bbp(40 -599) (55) , and Pls(49 -694) (56) , were each previously expressed with His 6 N-terminal affinity tags using E. coli vectors and purified on a HiTrap chelating column (GE Healthcare, Buckinghamshire, UK) by Ni 2ϩ -chelate chromatography as described above. Protein purity was assessed to be 98% by SDS-PAGE, Coomassie Brilliant Blue staining, and densitometry analysis. A bicinchoninic acid protein assay (Pierce) was used to measure concentrations of purified proteins. 
Proteins and reagents
Protease-free DNase I, BSA (BSA), skim milk, CTH, and human histones H1, H2A, H2B, H3, and H4 were purchased from Sigma.
Antibodies
Rabbit anti-mouse and goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Dako Cytomation (Glostrup, Denmark). Anti-human histone antibody was purchased from USBiological (Salem, MA). Polyclonal antiserum against FnBPB(163-480) was raised in a rabbit by routine immunization procedure using purified FnBPB(163-480) as antigen.
7E8 is an in-house-generated murine mAb recognizing recombinant His-tagged proteins. To validate ELISAs, where different His-tagged bacterial proteins were assessed for reactivity to antibody 7E8, increasing amounts of His-tagged CWA proteins, variants of FnBPB(163-480), or isoforms of FnBPB(163-480) were immobilized, and bound 7E8 was detected using HRP-conjugated rabbit anti-mouse IgG.
ELISA type solid-phase binding assays
The ability of soluble recombinant S. aureus proteins to bind to immobilized CTH or individual histones was determined using ELISA-type assays. Microtiter wells were coated overnight at 4°C with 0.5 g/well of CTH or individual histones in 0.1 M sodium carbonate, pH 9.5. The plates were washed with 0.5% (v/v) Tween 20 in PBS (PBST). To block additional protein-binding sites, the wells were treated for 1 h at 22°C with bovine serum albumin (BSA) 2% (v/v) in PBS. The plates were then incubated for 1 h with 0.5 mol of each ligand. After several washes with PBST, 0.5 g of the specific mouse anti-hexahistidine tag mAb 7E8 in BSA (1% v/v) was added to the wells and incubated for 90 min. The plates were washed and incubated for 1 h with HRP-conjugated rabbit anti-mouse IgG diluted 1:1000. After washing, o-phenylenediamine dihydrochloride was added, and the absorbance at 490 nm was determined using an ELISA plate reader.
In some ELISA-type assays, a primary rabbit antibody binding was detected incubating the wells with HRP-conjugated goat anti-rabbit IgG secondary antibody. To calculate the relative affinity association constant (K A ), values of each FnBPB isoform for H3 histone, the data were fitted using Equation 1,
where [L] is the molar concentration of isoform. The reported dissociation constants (K D values) were calculated as reciprocals of the K A values.
To determine the effect of ionic strength on the H3-FnBPB interaction, microtiter wells coated with 500 ng of H3 were incubated with 1 g/well of FnBPB(163-480) diluted in a phosphate buffer containing increasing concentrations of NaCl (0.15-2.3 M). Complex formation was detected by incubation of the wells with a rabbit anti-FnBPB antibody, followed by HRPconjugated goat anti-rabbit secondary antibody.
Adherence of bacteria to surface-coated CTH or histone H3 was performed by incubating immobilized histones (2 g/well) with log-phase S. aureus cells (10 8 ) for 2 h at 37°C. After several washings with PBS, adherent cells were fixed with 2.5% formaldehyde for 30 min and stained with 1% crystal violet for 1 min. After washing with PBS, 100 l of 10% acetic acid was added to the wells, and absorbance at 595 nm was recorded in an ELISA plate reader.
Size-exclusion chromatography analysis of the interaction of FnBPB(163-480) with histone H3
Samples of FnBPB(163-480), histone H3, and mixtures of co-incubated equimolar amounts of FnBPB(163-480) (or FnBPB(163-480) trench mutant variant (N312A/F314A)) and H3 were loaded onto a 75 10/300 GL gel-filtration chromatography column of Superdex (Vt ϭ 24 ml). The column, equilibrated with PBS, was eluted with the same buffer at a flow rate of 0.75 ml/min. To calibrate the column, standard proteins (GE Healthcare) were allowed to pass through the column, and their partition coefficient K av was plotted against the logarithm of the molecular weight.
Cleavage of histone H3 (or FnBPB) by S. aureus-associated activated plasminogen
5 ϫ 10 7 cells of log-phase S. aureus LAC ⌬fnbAfnbB (pFNBB4) or double ⌬fnbAfnbB mutant were immobilized on the surface of microtiter plates and then incubated with human PLG (1 g/well) for 1 h at 37°C. After several washes, cellcoated wells were added with 27 nM t-PA and histone H3 (5 g/well), and the mixtures were incubated at 22°C for increasing periods of time (5-160 min). Supernatants containing cleaved histone H3 were subjected to 15% SDS-PAGE, and the gels were stained with Coomassie Brilliant Blue (see below).
To assess the specific activation of PLG to plasmin, surfacecoated S. aureus LAC ⌬fnbAfnbB (pFNBB4) was incubated with PLG, t-PA, and H3 in the presence of 5 g/ml aprotinin or 100 M NEM for 160 min, and the supernatants were subjected to 15% SDS-PAGE, as reported above.
To evaluate the possible cleavage of surface-expressed FnBPB by bacteria-bound plasmin, immobilized S. aureus cells were incubated with PLG and t-PA for 160 min, as reported above. Supernatant containing released material was subjected to 12.5% SDS-PAGE, and the proteins were transferred to a nitrocellulose membrane. The membrane was sequentially probed with a rabbit anti-FnBPB IgG and HRP-conjugated goat anti-rabbit IgG.
Capture of histone H3 by S. aureus cells
Log-phase S. aureus strain USA 300 LAC, the double mutant ⌬fnbAfnbB, or the mutants transformed with plasmid overexpressing FnBPB or FnBPA (10 8 cells/ml) were mixed with 10 g of histone H3 for 10 min. Bacteria were then harvested by centrifugation, washed with PBS, and treated with the extraction buffer (125 mM Tris-HCl, pH 7.0, containing 2% SDS) for 3 min at 95°C and then centrifuged at 10,000 ϫ g for 3 min. The supernatants were subjected to SDS-PAGE under nonreducing conditions, and the proteins were transferred to a nitrocellulose membrane. The membrane was sequentially probed with rabbit anti-histone IgG and HRP-conjugated goat anti-rabbit IgG (see below).
Interactions of histones with S. aureus FnBPB
SDS-PAGE, Western immunoblotting, and far Western immunoblotting
Digestion products of histone H3 were boiled for 3 min in sample buffer (0.125 M Tris-HCl, 4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) ␤-mercaptoethanol, 0.002% (w/v) bromphenol blue) and separated by 15% (w/v) SDS-PAGE. The gels were stained with Coomassie Brilliant Blue (Bio-Rad, Milan, Italy).
For Western immunoblotting, histone H3 captured and released from the bacterial cell surface was subjected to 15% SDS-PAGE and electroblotted onto a nitrocellulose membrane (GE Healthcare), and the membrane was blocked overnight at 4°C with 5% (w/v) skim milk (Sigma) in PBS. Blotted proteins were probed with rabbit polyclonal anti-histone (1:5000) for 1 h at 22°C. Following washes with PBST, the membrane was incubated for 1 h with HRP-conjugated goat anti-rabbit IgG (1:10,000). Finally, the blot was developed using the ECL Advance Western blotting detection kit (GE Healthcare), and an ImageQuant TM LAS 4000 mini-biomolecular imager (GE Healthcare) was used to capture images of the bands. The band intensities were quantified relative to the histone H3 (5 g, 100% intensity) with the Quantity One software (Bio-Rad).
For far Western immunoblotting, the individual histones were subjected to 15% SDS-PAGE and electroblotted onto a nitrocellulose membrane (GE Healthcare), and the membrane was blocked overnight at 4°C with 5% (w/v) skim milk in PBS. The membrane was probed with 1 g/ml FnBPB(163-480) for 1 h at 22°C followed by rabbit anti-FnBPB(163-480) polyclonal antibody (1:5000) and with HRP-conjugated goat anti-rabbit IgG (1:10,000), and the complexes were detected as reported above.
Surface plasmon resonance analysis of FnBPB binding to histone H3
To estimate the affinity of the interaction between H3 and FnBPB(163-480), surface plasmon resonance was conducted using a BIAcore X-100 instrument (GE Healthcare). Histone H3 was covalently immobilized on dextran matrix CM5 sensor chip surface by using a histone H3 solution (30 g/ml in 50 mM sodium acetate buffer, pH 5) in a 1:1 dilution with N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride. The excess of active groups on the dextran matrix was blocked using 1 M ethanolamine, pH 8.5. On another flow cell, the dextran matrix was treated as described above but without any ligand to provide an uncoated reference flow cell. The running buffer used was PBS containing 0.005% (v/v) Tween 20. A 2-fold linear dilution series (3.9 -500 nM) of FnBPB(163-480), in running buffer, was passed over the ligand at the flow rate of 10 l/min, and all the sensorgrams were recorded at 22°C. Assay channel data were subtracted from reference flow cell data. The response units at steady state were plotted as a function of FnBPB(163-480) concentration and fitted to the Langmuir equation to yield the K D values.
Isolation of neutrophils
Neutrophils were isolated from healthy donors using Poly-MorphPrep solution (ThermoFisher Scientific) as described by Kristian et al. (57) . Viability of neutrophils was assessed using 0.004% trypan blue staining by light microscopy.
NET-mediated killing of bacteria
Killing of bacteria by NETs was performed as reported previously (41) . Briefly, 10 5 neutrophils were seeded into a 96-well plate and stimulated with 25 nM PMA for 4 h to induce NETosis. Log-phase bacteria were washed twice and added to neutrophils at a multiplicity of infection of 1 and incubated for 15 min at 37°C, 5% CO 2 . To evaluate the role of DNA in NETmediated killing of bacteria, NETs were degraded prior to infection with 2 units of DNase I for 10 min at 37°C. The bactericidal activity of histones was blocked prior to infection with 2 g/ml anti-human histone antibody for 30 min. In both cases, neutrophils were washed once prior to challenge. Colony-forming units were enumerated by plating onto brain heart infusion (BHI) the cells suspension. Bacterial survival was calculated as percentage of the initial inoculum.
Determination of histone minimal bactericidal concentrations
Resistance of S. aureus USA 300 LAC to individual histones was determined in a minimum bactericidal concentration (MBC) assay incubating bacteria (1 ϫ 10 8 ) with 1.3-fold diluted histone starting from 60 to 0.93 g/ml. The MBC value of H3 for S. pyogenes strain 71-675 was determined by using 1.3-fold dilution of histone starting from 400 to 29 g/ml. After 2 h of incubation at 37°C, serial dilutions of cell mixtures were plated on BHI agar, and bacterial colonies counts were determined the day after. The MBC was calculated by determining the lowest concentration of each histone that reduced the viability of the initial bacterial inoculum by Ն99.9%. The MBC of H4 for WT LAC and its mutants was evaluated as reported above. To determine the neutralizing effect of soluble FnBPB(163-480) and its mutated variants on killing by H3, the MBC of H3 for S. aureus ⌬fnbAfnbB was determined in the presence of 1 M FnBPB proteins. A similar experimental protocol was used to measure the effect of FnBPB(163-480) on MBC of H3 for S. pyogenes strain 71-675 in the presence of 5 M FnBPB(163-480).
Determination of the protective effect of plasminogen on S. aureus from the bactericidal activity of histone H3
Log-phase cells of S. aureus LAC ⌬fnbAfnbB (pFNBB4) (2 ϫ 10 5 /ml) were incubated with human PLG (10 g) for 1 h. Cells were harvested by centrifugation, washed with PBS, and then incubated with serial 1.3-fold diluted histone H3 (from 100 to 0.78 g/ml) in the presence/absence of t-PA (27 nM) for 2 h at 37°C. In those experiments where the effect of fibrinogen on H3 cleavage by activated PLG captured by staphylococci was assessed, equimolar concentrations of H3 and fibrinogen were incubated with PLG captured by staphylococci, and the mixtures were processed as above.
To determine the MBC of histone H3, serial dilutions of the mixtures were plated on BHI agar and incubated at 37°C overnight. Bacterial counts were determined the day after.
Statistical methods
Continuous data were expressed as means and standard deviations. Two group comparisons were performed by Student's t test. One-way analysis of variance, followed by Bonferroni's post hoc tests, was exploited for comparison of three
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or more groups. Analyses were performed using Prism 4.0 (GraphPad). Two-tailed p values of 0.05 were considered statistically significant.
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